The spin pumping mechanism and associated interfacial Gilbert damping are demonstrated in ion-beam sputtered Co2FeAl (CFA)/Mo bilayer thin films employing ferromagnetic resonance spectroscopy. The dependence of the net spin current transportation on Mo layer thickness, 0 to 10 nm, and the enhancement of the net effective Gilbert damping are reported. The experimental data has been analyzed using spin pumping theory in terms of spin current pumped through the ferromagnet/nonmagnetic metal interface to deduce the effective spin mixing conductance and the spin-diffusion length, which are estimated to be 1.16(±0.19)×10 19 m −2 and 3.50±0.35nm, respectively. The damping constant is found to be 8.4(±0.3)×10 -3 in the Mo(3.5nm) capped CFA(8nm) sample corresponding to a ~42% enhancement of the original Gilbert damping (6.0(±0.3)×10 -3 ) in the uncapped CFA layer. This is further confirmed by inserting a Cu dusting layer which reduces the spin transport across the CFA/Mo interface. The Mo layer thickness dependent net spin current density is found to lie in the range of 1-3 MAm -2 , which also provides additional quantitative evidence of spin pumping in this bilayer thin film system.
I. INTRODUCTION
Magnetic damping is an exceedingly important property for spintronic devices due to its influence on power consumption and information writing in the spin-transfer torque random access memories (STT-MRAMs) [1] [2] . It is therefore of high importance to study the generation, manipulation, and detection of the flow of spin angular momentum to enable the design of efficient spin-based magnetic memories and logic devices [3] . The transfer of spin angular momentum known as spin pumping in ferromagnetic (FM)/ nonmagnetic (NM) bilayers provides information of how the precession of the magnetization transfers spin angular momentum into the adjacent nonmagnetic metallic layer [4] . This transfer (pumping) of spin angular momentum slows down the precession and leads to an enhancement of the effective Gilbert damping constant in FM/NM bilayers. This enhancement has been an area of intensive research since the novel mechanism (theory) of spin pumping was proposed by Arne Brataas et al. [5] [6] . The amount of spin pumping is quantified by the magnitude of the spin current density at the FM/NM interface and theoretically [7] J is the effective spin current density pumped into the NM layer from the FM layer (portrayed in Fig. 1 ), and eff g  is the spin mixing conductance which is determined by the reflection coefficients of conductance channels at FM/NM interface [5] .
To date, a number of NM metals, such as Pt, Au, [5] , Pd [8] [9],-Ta [10] and Ru [11] , etc. have been extensively investigated with regards to their performance as spin sink material when in contact with a FM. It is to be noted here that none of the Pt, Pd, Ru, and Au is an earth abundant material [12] . Thus, there is a natural need to search for new non-magnetic materials which could generate large spin current at the FM/NM interface. In this study, we have explored the potential of the transition metal molybdenum (Mo) as a new candidate material for spin pumping owing to the fact that Mo possesses a large spin-orbit coupling [13] . To the best of our knowledge, Mo has not been used till date for the study of spin pumping effect in a FM/NM bilayer system.
In a FM/NM bilayer and/or multilayer systems, there are several mechanisms for dissipation of the spin angular momentum which are categorized as intrinsic and extrinsic. In the intrinsic category, the magnon-electron coupling, i.e., spin-orbit coupling (SOC) contributes significantly [14] . Among the extrinsic category, the two-magnon scattering (TMS) mechanism is linked to the inhomogeneity and interface/surface roughness of the heterostructure, etc. [15] [16] [17] . For large SOC, interfacial d-d hybridization between the NM and FM layers is highly desirable [16] . Thus, the FM-NM interfacial hybridization is expected to result in enhancement of the transfer of spin angular momentum from the FM to the NM layer, and hence the NM layer can act as a spin reservoir (sink) [18] . But, the NM metallic layer does not always act as a perfect spin reservoir due to the spin accumulation effect which prevents transfer of angular momentum to some extent and as a result, a backflow of spin-current towards the FM [6] is estabished. While the flow of spin angular momentum through the FM/NM interface is determined by the effective spin-mixing conductance () 
II. EXPERIMENTAL DETAILS
The CFA thin films with fixed thickness of 8 nm were grown on naturally oxidized Si(100) substrate at 573K temperature using an ion-beam sputtering deposition system (NORDIKO-3450 interface/surface roughness were estimated by simulating the specular X-ray reflectivity (XRR) spectra using the PANalytical X'Pert reflectivity software (Ver. 1.2 with segmented fit). To determine surface morphology/microstructure (e.g., roughness), topographical imaging was performed using the 'Bruker dimension ICON scan assist' atomic force microscope (AFM). All measurements were performed at room temperature.
III. RESULTS AND DISCUSSIONS
A. X-ray Reflectivity and Atomic Force Microscopy: Interface/surface analysis Figure 2 shows the specular XRR spectra recorded on all the CFA(8)/Mo( Mo t ) bilayer thin films.
The fitting parameters were accurately determined by simulating (red lines) the experimental curves (filled circles) and are presented in Table- 
B. Ferromagnetic Resonance Study
The FMR spectra were recorded on all samples in 5 to 11 GHz range of microwave frequencies. H is the applied DC-magnetic field.
The f vs. . These are fitted using the Kittel's formula [25] :
where is the gyromagnetic ratio; / analysed (not presented here) using the methods given by Arias and Mills [28] . A similar analysis was reported in one of our previous studies on the CFA/Ta system [21] . For the present case, the linewidth analysis shows that inclusion of the TMS part does not affect the Gilbert damping, which means the TMS contribution is negligible in our case. Now, the effective Gilbert damping constant eff  can be estimated using,
Here, Further, to affirm the spin pumping in the CFA/Mo bilayer system, a copper (Cu) dusting layer was inserted at the CFA/Mo interface. Figure 5( [32] . Due to the weak SOC, the asymmetry in the band structure at the FM/Cu interface would thus lead to a non-equilibrium spin accumulation at the CFA/Cu interface [33] . This spin accumulation opposes the transfer of angular momentum into the Mo layer and hence the Gilbert damping value, after insertion of the dusting layer, is found very similar to that of the single layer CFA film. It is also known that enhancement of damping in the FM layer (when coupled to the NM layer) can occur due to the magnetic proximity effect [34] . However, we did not find any evidence in favor of the proximity [37] . Understandably, such a large value of the spin mixing conductance will yield a large spin current into the adjacent NM layer [6] [7] [37] [33] . In the next section, we have estimated the spin current from the experimental FMR data and discuss the same with regards to spin pumping in further detail.
D. Spin current generation in Mo due to spin pumping
The enhancement of the Gilbert damping observed in the CFA(8)/Mo( Mo t ) bilayers (Fig. 5(b) ) is generally interpreted in terms of the spin-current generated in Mo layer by the spin pumping mechanism at the bilayer interface (Fig. 1) . The associated net effective spin current density in
Mo is described by the relation [38] [39]: 
IV. CONCLUSIONS
We have systematically investigated the changes in the spin dynamics in the ion-beam sputtered 
